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ABSTRACT
Kinematic and Acoustic Adaptation in Response to Electromagnetic
Articulography Sensor Perturbation
Emily Adelaide Bartholomew
Department of Communication Disorders, BYU
Master of Science
This study examined kinematic and acoustic adaptation following the placement of
electromagnetic articulography (EMA) sensors, which measure speech articulator movements.
Sixteen typical native English speakers had eight EMA sensors attached to obtain kinematic
data: three to the tongue (front, mid, and back at midline), one on the lower incisors (jaw), two
on the lips (one on each lip at midline), and two reference sensors on the eyeglass frames worn
by the participants. They repeated the same sentence stimuli 5 times every two minutes (0, 2, 4, 6
minutes post-attachment) while both acoustic and kinematic data were recorded. Global
kinematic measures of tongue activity were computed using articulatory stroke metrics, while
point measures were gathered from one syllable in the target sentence. The first two formant
frequencies of that syllable were measured. Statistical analysis revealed several significant
changes over time and differences between genders. There was a significant increase in the
syllable speed and decrease in sentence duration over time. The first formant was significantly
lower over time correlating with decreased hull area, representing higher tongue position and
smaller movements as speakers adapted to the sensors. Tongue displacement during the syllable
production decreased over time; there was not a significant gender difference for displacement
measures. The number of articulatory strokes decreased over time, suggesting improved
articulatory steadiness. It can be concluded that participants demonstrated faster, smaller
movements over time, but it is not clear how much of the change was a result of kinematic
adaptation or task familiarity. Future research is needed to compare the direct relationship
between kinematic, acoustic, and perceptual measures in response to the attachment of these
EMA sensors.

Keywords: speech adaptation, speech production measurement, perturbation, speech kinematics,
speech acoustics, electromagnetic articulography
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DESCRIPTION OF THESIS STRUCTURE AND CONTENT
This thesis, Kinematic and Acoustic Adaptation in Response to Electromagnetic
Articulography Sensor Perturbation is written in a hybrid format which combines traditional
thesis requirements with communication disorders journal publication formats. The preliminary
pages of the thesis reflect requirements for submission to the university. The thesis report is
presented as a journal article and conforms to length and style requirements for submitting
research reports to communication disorders journals.
The annotated bibliography is found in Appendix A, informed consent form information
is found in Appendix B, and stimulus phrases are found in Appendix C.
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Introduction
Adaptation and Perturbation
Speech requires an intricate balance of many coordinated movement patterns also known
as motor patterns. These patterns allow us to communicate clearly with little or no thought
regarding the individual muscles and movements required to speak. As we develop these patterns
over time, our body responds or adapts to change; some changes occur naturally as we grow and
develop, while other changes come unexpectedly. Adaptation, or the ability to adjust to new
conditions, is an important principle to those studying speech. In researching typical speech, we
study how the speech system can compensate for experimentally introduced perturbations, and
consequently incorporate what we have learned into our interventions for individuals with
disordered speech.
Adaptation happens as a response to perturbation; perturbation is an interruption to a
normal pattern or state. Perturbation can be static or dynamic in nature. Static perturbation is a
consistent input that does not change how it disrupts motor behavior over time, while dynamic
perturbation is a changing input that can disrupt the established pattern in an unexpected or
random manner. Examples of everyday static perturbation to speech include lingual surgeries,
dental retainers, orthodontic braces, and other structural changes to dentition. Static perturbations
introduced in research environments include bite blocks, sensors attached to the articulators, or
pseudo-palates, (Dromey, Hunter, & Nissen, 2018; Heinen, Birkholz, Willmes, & NeuschaeferRube, 2017; Stevens, Bressmann, Gong, & Tompson, 2011). Dynamic perturbations of speech
do not typically occur in natural speech. However, in the laboratory they can be created by
applying an unexpected load to the articulators or a sudden force to the jaw during an ongoing
articulatory gesture (Gracco & Abbs, 1985).
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Researchers introduce perturbations in order to understand how and to what extent speech
adaptation occurs. A study of dental devices called rapid palatal expanders (RPE) found that
speech was negatively impacted perceptually and acoustically after the devices were placed.
Although adaptation and improvement of speech quality was noted over time, with preserved
intelligibility, the measures did not return to baseline levels until the RPE was removed (Stevens
et al., 2011). This implies that the adaptation to the RPE was incomplete, in that a return to
baseline performance was not possible within the timeframe of the study. Studies have also
examined the impact of electromagnetic articulography sensors on perceptual and acoustic
measures of speech and have corroborated this observation of incomplete adaptation, (Dromey et
al., 2018). However, it appears that adaptation to static perturbations can result in speech that is
similar to baseline performance under certain conditions. For example, Heinen et al. (2017)
compared speech quality (clarity, rate, prosody, rhythm, and fluency) between typical individuals
and those with long-term tongue piercings and found no significant differences between the
groups, even in recordings where the piercings were removed. Thus, it appears that at a
perceptual and acoustic level there are adaptations to perturbations which can conserve overall
intelligibility and perceived quality of speech. However, few studies have explained what may be
happening to the speech movements themselves when speech is perturbed. Having established
that the speech system can adapt, kinematic information will help us further understand how it is
adapting and determine why adaptations may not always be successful. In order to discuss the
study of speech movements, it will first be necessary to consider the main ways in which speech
performance can be measured.
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Measurement of Speech
Perceptual and acoustic measures. There are several types of measurement that can be
used to quantify speech production: perceptual, acoustic, and kinematic. Perceptual speech
measures represent the qualitative nature of speech, such as clarity, fluency, and prosody; these
parameters are often quantified with perceptual rating scales. Perceptual measures are highly
pertinent to clinical practice as an indication of speech characteristics that can be targeted in
therapy. However, perceptual measures alone are subjective, vulnerable to listener inconsistency
or bias, and only give information on the speech output rather than the source. Acoustic
measures are a cost-effective and non-invasive method to provide additional objective data; they
indirectly reflect what is happening in the vocal tract using measures such as formants,
fundamental frequency, and segmental duration. A combination of perceptual and acoustic
measures is often used in speech adaptation research to examine changes in speech performance
over time. As previously mentioned, long-term adaptation to static perturbation preserves
intelligibility, but acoustic measures show that this adapted speech can still differ from natural
speech (Dromey et al., 2018; Stevens et al., 2011). Additional research is needed to better
understand how motor patterns are changing to modify speech in response to perturbation.
Therefore, the main goal of the present study was to better understand the movements
responsible for the acoustic and perceptual changes that have been reported previously.
Kinematic measures. Kinematic studies provide information regarding the movement
patterns of the articulators; in other words, they quantify the extent and speed of articulator
movements. One common kinematic measurement system is electromagnetic articulography
(EMA). This instrumentation relies on electromagnetic fields generated by a transmitter that are
picked up by small sensor coils attached to the articulators. Thin wires from these sensor coils
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relay signals to a computer, which calculates the position of each coil and corresponding
articulator in three dimensions based on the relative signal strength at each sensor (Berry, 2011).
Obtaining kinematic information can be more time-consuming, costly, and invasive than the
other measures of speech, and so it is not always practical in speech research. Additionally, there
is an inherent conundrum with kinematic measurements; in order to measure specific movements
of the articulators, we must apply sensors directly to the articulators, consequently perturbing the
very movements that we aim to measure. Dromey et al. (2018) demonstrated the impact of using
electromagnetic articulography sensors on perceptual and acoustic speech measures. They
reported that these devices unavoidably perturb speech saying, “participants reached a height of
adaptation after 10 minutes of talking with kinematic recording sensors attached, and that after
the attachment of sensors, speech production precision did not at any point return to pre
attachment levels” (p. 601). In other words, the perceptual quality of participants’ speech was
negatively impacted when sensors were attached, and though they were able to adapt and make
increases in precision, their perceptual speech quality while the sensors were in place never
returned to baseline precision. We will consequently examine the movements which underlie the
perceptual changes documented in that study, using kinematic data to further understand how
and why adaptation occurs under these conditions.
Point measures. One of the most common ways to analyze kinematic data is through
point measures. Point measures include the displacement (or distance moved) from one sound to
another at a specific point in an utterance. This is used for simple, singular articulatory
movements that can be easily identified by speech landmarks such as bilabials, diphthongs, or
vowel-consonant (VC) gestures. In addition to distance or displacement, point measures can
detail the speed or velocity of the sensor movements during specific speech gestures.
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Furthermore, point measures can be used to decouple the movements of biomechanically linked
articulators (such as the jaw and tongue) during a speech gesture (Westbury, Lindstrom, &
McClean, 2002). In a study investigating clear, slow, and loud speech conditions, Mefferd (2017)
used decoupled jaw and tongue movements to show in detail the articulatory changes made by
speakers in each condition. The study reported different percentages of jaw contribution to the
overall movement of the tongue for each condition and also noted differences between genders.
The author concluded that addressing tongue activity during intervention would increase acoustic
vowel contrast more than a treatment focus on the jaw. Identifying the contributions of each
articulator to the production of a sound and examining individual speech gestures through
kinematic research can help inform clinical practice.
Stroke measures. An articulatory stroke, or articulatory gesture, is measured from the
minimum speed of one gesture to the minimum speed of the next (Tasko & Westbury, 2002).
Strokes reflect overall articulatory change during an entire utterance rather than a single
movement. Stroke measures are based on the speed of travel of each sensor, similar to point
measures, but are averages across a whole utterance, and thus are non-specific about individual
sounds. The EMA systems continuously track the x and y positions of each sensor, with sample
rates typically ranging from 100 to 400 Hz. From the change in x and y positions from one
sample point to the next, the Euclidean distance traveled in any direction can be computed from
the square root of the sum of the x2 and y2 distances. Based on the sensor movement distance and
the time taken, it is possible to calculate the speed in mm/sec, irrespective of direction. During
continuous speech the tongue speed will increase and decrease, but rarely reach zero (Tasko &
Westbury, 2002). Articulatory strokes are defined as the movements or gestures between two
successive speed minima as the articulator moves from one position to another. Segmenting
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kinematic data into stroke measures can give useful information about the movement of
articulators through all the sounds during continuous speech, which differs from the traditional
point measures which are based on a single movement for a specific syllable. Summary stroke
metrics include the onset speed, mean speed, peak speed, stroke distance, stroke duration, and
total number of strokes (or movements), averaged over the target utterance. These measures can
provide a global picture of the activity of the speech system throughout entire utterances. This
information can reveal how articulation changes over time during adaptation to perturbation.
Purpose of the Current Study
The widespread use of EMA has significantly enhanced the study of speech kinematics
by providing data about the movements of multiple articulators (Berry, 2011). These EMA
sensors have been shown to perturb speech, as shown by perceptual and acoustic measures
(Dromey et al., 2018). Incomplete adaptation to this perturbation was also reported in the same
study. It can be hypothesized that there are similar perturbations and subsequent adaptations to
the movements of the articulators themselves, since these movements are ultimately responsible
for the sounds of speech. However, not enough research has been done to provide the kinematic
data necessary to understand the speech movements that underlie the acoustic and perceptual
changes during adaptation.
The current study analyzed the articulatory movements during periods of adaptation
immediately following application of the EMA sensors and for a period of time that followed.
This study is relevant for current EMA research practices to better understand the influence of
the measurement sensors on the movements of the articulators they are intended to measure. The
data from this study is necessary to understand the adaptation that accompanies a static
perturbation of articulatory gestures at a kinematic level. Kinematic measures included the
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distance moved and maximum speed of each articulator using strokes as a global measure of an
entire sentence, and point measures for the details of a selected articulatory gesture. Using point
measures of the specific articulators, the x, y, and z measures were used to calculate the
Euclidean distance traveled by each articulator during a single syllable. We used the kinematic
point measures to analyze the articulation of the syllable /æk/ in the word black. Acoustic data
was also analyzed to measure the changes to formant patterns before and after application of the
sensors. Together, both sets of data contribute to the picture of what is occurring motorically
during the adaptation period.
Method
Participants
This study involved 16 individuals with no history of speech, language, or hearing
disorders. A group of nine women and seven men, recruited by word of mouth, each signed a
consent form, which had been approved by the Brigham Young University Institutional Review
Board. The mean age of female participants was 24.3 with a standard deviation of 1.2 years. The
mean age of male participants was 25.4 with a standard deviation of 2.1 years. Participants
received $10 in compensation for their time.
Instrumentation
Electromagnetic articulography was used during this study to record the kinematic data.
The Northern Digital Instruments (NDI) Wave system (Waterloo, Ontario, Canada) was the
EMA system used for the present study. According to Berry (2011), the NDI system is
sufficiently accurate and valid for measuring position while remaining easy to use. A total of
eight 3 mm sensor coils were used in conjunction with this system. Six sensors (or markers) were
glued to the participants’ articulators using PeriAcryl®90 cyanoacrylate adhesive, including the
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following: three sensors were glued along the midline of the tongue at tongue back, mid, and tip;
two sensors were glued at midline to the upper and lower lips along the vermillion border; and
the last sensor was glued to a 5mm by 5mm piece of Stomahesive wafer (ConvaTec, Greensboro,
NC) then attached to the lower incisors (indicating the jaw movements) at midline. Two
reference sensors were attached to an eyeglass frame without lenses, worn by the participant. The
reference sensors served as the origin of the coordinate system to correct for any head
movements during recordings. A condenser microphone (AKG model C2000B) recorded the
audio signal 30 centimeters from the mouth of the participant, and it was digitized along with the
kinematic data channels using the NDI Wavefront system. A calibration tone was recorded in the
microphone channel using a sound level meter (Extech 407736) to allow for measurement of
speech intensity in dB SPL at 50 cm. The channels of movement data were gathered at a rate of
100 Hz and the audio signal was recorded at a sampling rate of 22050 Hz.
Procedure
Participants were recorded in a sound booth to obtain high quality acoustic data. An
experimenter modeled the task and the participant was instructed to say each sentence five times
with a breath between each repetition. They were first recorded without the sensors to provide
baseline acoustic data. Then they had eight sensors attached to obtain kinematic data: three to the
tongue (front, mid, and back at midline), one on the lower incisors (jaw), two on the lips (one on
each lip at midline), and two reference sensors on the eyeglass frames worn by the participants.
After the sensors were attached, the participants repeated the same sentence stimuli five times
every two minutes (0, 2, 4, 6 minutes post-attachment) while both acoustic and kinematic data
were recorded. Participants recorded several stimuli as part of a larger study. For this study, data
were analyzed from the sentence, The blue spot is on the black key again. They were instructed
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to speak continuously between recordings to encourage adaptation to the presence of the
recording sensors.
Data Analysis
Kinematic analysis. A custom Matlab (The MathWorks Inc., 2019) application was
used to segment the recordings into each individual’s productions of the target sentence. Another
application was used to further segment the recording for the stroke measures for the sentence
and the point measures for the syllable /æk/. The syllable /æk/ was selected because it involves
movement from a low-front vowel to a high-back velar plosive that creates an easily defined
movement shape that can be segmented based on kinematic markers. Tongue markers will be the
main focus as they are generally more relevant in classifying consonants and vowels than lip
sensors (Wang, Green, & Samal, 2013). The means and standard deviations of tongue marker
distance in mm (tongue back, middle, front), and the speed in mm/s were calculated, along with
the hull area. Hull area refers to the kinematic articulatory working space or the area in mm2
bounded by the movement of an articulator in the vertical and horizontal directions during the
target syllable. Additionally, stroke measures for the sentence, “The blue spot is on the black key
again” were computed in Matlab using the Euclidian distance calculation as described in the
introduction. The stroke measures that were calculated for each utterance as a whole include the
following: stroke count (total number of articulatory strokes), onset speed (mm/s), mean speed
(mm/s), peak speed (mm/s), stroke distance (mm), and stroke duration (ms).
Acoustic analysis. The acoustic data were analyzed to supplement the kinematic
measures. Using Praat, the F1 and F2 frequencies of the /æ/ vowel in the word black were
measured for this study.
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Statistical Analysis
A repeated measures analysis of variance (ANOVA) was used to test the within-subject
effects for the differences in each variable over time because individuals vary in their motor
production of the same utterances (Westbury, Severson, & Lindstrom, 2000). We included the
following dependent variables: tongue displacement, jaw contribution to tongue displacement,
tongue and jaw velocities, and formant frequencies of the vowel. The dependent measures from
the stroke analysis included mean and maximum stroke speeds and the average distance and
duration of the strokes. A concurrent contrast run simultaneously with the ANOVA tested for
changes between the recording immediately post-attachment (0 minutes) and each successive
recording (2, 4, 6 minutes). Gender was included as a between-subjects factor. The significance
level used throughout the analysis was p < .05. All statistical analysis was completed with SPSS
(v25). When the Mauchly's test revealed a violation of the sphericity assumption, Huynh-Feldt
corrective degrees of freedom were used. The data from the female participant F9 as well as
male participants M3, M5, and M6 were removed from statistical analysis due to tracking errors
during data collection.
Results
The current study aimed to quantify kinematic and acoustic changes following the
attachment of EMA sensors during production of the sentence, “The blue spot is on the black key
again.” The sentence and syllable measures are reported separately. The descriptive statistics for
all kinematic and acoustic variables are reported in Table 1. The results of the repeated measures
ANOVA tests for change over time and gender effects are reported in Table 2. Both the
kinematic and acoustic results are reported together. Contrastive analyses are reported in Table 3
These analyses tested the change at each time interval in comparison to the baseline measures at
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Table 1
Mean and Standard Deviation for Kinematic and Acoustic Measures of Tongue Markers Over
Time
0 min
M

TB disp
TM disp
TF disp
TB speed
TM speed
TF speed

TB hull area
TM hull area
TF hull area

2 min
SD

4 min

M
SD
Syllable Kinematics

6 min

M

SD

M

SD

Female

16.10

3.40

15.78

4.27

14.01

3.03

14.80

3.39

Male

18.06

6.35

18.98

7.00

18.59

4.97

18.79

5.32

Female

11.84

2.71

11.50

3.47

9.98

3.40

9.98

2.59

Male

14.22

4.76

14.06

4.73

12.52

5.77

12.74

4.73

Female
Male

5.39
6.93

2.17
3.76

4.70
7.61

1.74
4.57

4.70
5.99

0.79
3.63

4.33
6.14

1.61
2.89

Female

103.79

24.88

109.15

32.02

103.43

30.12

108.06

29.50

Male

116.03

17.72

129.50

15.60

127.37

21.51

132.82

19.57

81.66

21.94

85.55

29.13

75.09

23.45

77.40

21.95

100.70

27.05

109.17

29.52

91.49

31.28

100.59

28.36

Female

74.90

30.52

76.66

26.66

67.96

28.37

70.35

29.56

Male

82.04

30.60

87.55

26.69

87.21

36.46

88.13

34.94

Female

31.78

14.45

27.95

16.98

21.25

11.00

28.40

15.98

Male

37.37

24.33

35.09

19.11

30.42

14.57

32.00

17.48

Female

23.60

10.00

23.31

14.67

16.72

12.42

18.26

8.94

Male

35.74

25.14

31.26

16.05

25.39

17.98

29.64

17.95

Female

16.06

10.92

16.30

10.68

10.74

5.66

12.80

6.78

Male

25.93

16.82

24.34

17.71

20.77

16.12

20.84

14.67

Female
Male

Sentence Kinematics
TB count
TM count
TF count

TB disp
TM disp

Female

22.93

4.84

20.89

4.34

20.00

5.15

20.58

4.48

Male

25.29

4.51

24.20

6.05

22.14

4.57

22.21

4.53

Female

24.47

5.76

23.09

5.87

22.40

7.23

21.84

5.18

Male

26.77

6.24

25.40

6.98

24.09

5.39

23.72

5.68

Female

26.83

7.37

24.80

6.93

21.96

5.66

23.58

6.33

Male

27.40

5.62

26.71

6.53

26.57

5.68

26.48

5.02

Female

6.71

1.26

6.99

1.17

6.62

0.93

6.74

1.04

Male

7.35

1.27

7.38

1.29

7.65

0.96

7.69

1.01

Female

6.12

1.20

6.12

1.01

5.70

1.01

6.00

0.87

Male

6.94

1.18

7.01

1.09

6.64

1.28

6.91

1.05

12

TF disp

TB speed
TM speed
TF speed

duration

Female

6.19

1.05

6.18

1.09

6.08

0.88

5.89

0.85

Male

7.25

1.67

7.31

1.33

6.89

1.37

6.87

1.20

Female

53.91

9.60

54.82

9.20

55.05

11.43

54.60

12.30

Male

65.10

7.05

65.05

6.36

63.41

9.90

63.95

10.05

Female

51.72

8.84

52.72

9.39

51.72

11.67

51.48

10.95

Male

65.00

9.87

65.29

8.70

59.09

7.83

61.32

7.43

Female

58.92

13.91

58.41

14.33

57.68

18.57

56.02

14.48

Male

69.64

13.13

71.71

14.44

66.80

11.66

66.01

8.36

Female

2.46

0.29

2.31

0.35

2.14

0.41

2.22

0.36

Male

2.46

0.54

2.35

0.58

2.34

0.51

2.34

0.50

Syllable Acoustics
F1 (Hz)
F2 (Hz)

Female

897.22

65.81

888.70

82.89

829.82

106.77

855.98

70.74

Male

778.43

145.28

760.41

89.91

750.33

102.91

792.16

111.10

Female

1586.16

123.28

1602.85

165.36

1605.80

145.63

1606.54

184.56

Male

1543.40

210.60

1485.49

120.53

1492.38

143.61

1474.41

115.59

Note. TB = tongue back; TM = tongue mid; TF = tongue front; disp = displacement of sensor (mm); speed =
mean speed of sensor (mm/s); count = total number of strokes; (mm/s)

0 minutes. The present study focused on the movements of the three tongue markers (TB, TM,
TF) during the sentence stimuli and syllable /æk/ as well as the formant frequencies in the /æ/
vowel in the word black.
Syllable Kinematics
Displacement (mm). The repeated measures ANOVA testing reported in Table 2
revealed significant differences over time in the displacement of tongue mid (TM) movements
but not the tongue back (TB) or tongue front (TF). Contrast analyses revealed that the TM
displacement was significantly lower at 4 and 6 minutes than at 0 minutes (see Figure 1).
Although men had higher displacement values than women, this difference was not shown to be
statistically significant.
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Table 2
ANOVA Main Effects for Time and Between-Subjects Effects for Gender for the Kinematic and
Acoustic Measures
Time Effect
Gender Effect

TB disp
TM disp
TF disp
TB speed
TM speed
TF speed
TB hull area
TM hull
area
TF hull area
TB count
TM count
TF count
TB disp
TM disp
TF disp
TB speed
TM speed
TF speed
duration
F1 (Hz)
F2 (Hz)

df

F

3, 42

4.420

0.009

0.240

3, 42

4.941

0.005

0.261

3, 42

2.867

0.048

0.170

3, 42
2.184, 30.576
1.935, 27.094
1.935, 27.083

3, 42
3, 42

p
ηp²
Syllable Kinematics

F

p

ηp²

4.713
8.392

0.048
0.012

0.252
0.375

4.744

0.047

0.253

3.126
0.036
0.183
Sentence Kinematics
4.684
0.015
0.251
4.396
0.023
0.239
4.017
0.031
0.223

10.878 < 0.001
0.437
Syllable Acoustics
3.027
0.040
0.178

Note. TB = tongue back; TM = tongue mid; TF = tongue front; disp = displacement of sensor
(mm); speed = mean speed of sensor (mm/s); count = total number of strokes
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TM syllable displacement (mm)

20
18
16
14
12
10
8
6

0 min

2 min
Female

4 min

6 min

Male

Figure 1. Mean (and standard deviation) of tongue mid sensor displacement during the
production of /æk/ over time.
Speed (mm/s). There was a significant main effect for time for mean speed for the TB
sensor at the syllable level. Contrasts (Table 3) revealed that the TB mean speed increased
significantly at 2 minutes and 6 minutes post-attachment. Figure 2 shows the increased speed
over time. Again, men demonstrated generally higher speeds than women, but the difference was
not significant.
Hull area (mm2). According to the repeated measures ANOVA test for hull area, there
were main effects for time for the TM and TF markers but not the TB marker. Hull area takes
into account the vertical and anteroposterior movements of the sensor. Both the TM and TF
sensors showed significant decreases in hull area at 4 minutes compared to 0 minutes. There
were no significant between-subject differences for gender.
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Table 3

Contrast Statistics for the Kinematic and Acoustic Variables Comparing Recording Times Against the 0 Min Recording
2 min
4 min
6 min
F
p
ηp²
F
p
ηp²
F
p
ηp²
Syllable Kinematics
TB disp
TM disp
7.592
0.015
0.352
8.530 0.011
0.379
TF disp
TB speed
8.746
0.010
0.384
9.332 0.009
0.400
TM speed
TF speed
TB hull area
TM hull area
5.442
0.035
0.280
TF hull area
7.098
0.019
0.336
Sentence Kinematics
TB count
6.035
0.028
0.301
7.682
0.015
0.354
9.245 0.009
0.398
TM count
6.645
0.022
0.322
5.631
0.033
0.287
12.888 0.003
0.479
TF count
9.800
0.007
0.412
6.919
0.020
0.331
6.292 0.025
0.310
TB disp
TM disp
TF disp
TB speed
TM speed
TF speed
duration
17.854
0.001
0.560
17.381
0.001
0.554
17.675 0.001
0.558
Syllable Acoustics
F1 (Hz)
5.366
0.036
0.277
F2 (Hz)
Note. TB = tongue back; TM = tongue mid; TF = tongue front; disp = displacement of sensor (mm); speed = mean speed of sensor
(mm/s); count = total number of strokes
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TB sentenence mean speed (mm/s)

160
150
140
130
120
110
100
90
80

0 min

2 min
Female

4 min

6 min

Male

Figure 2. Mean (and standard deviation) of tongue back sensor speed during the production of
/æk/ over time.
Sentence Measures
Stroke count. The repeated measures ANOVA test revealed that there was a significant
main effect for all three tongue sensors. Contrast tests also showed significant decreases in the
number of articulatory strokes in the sentence for all three tongue articulators at 2 minutes, 4
minutes, and 6 minutes when each compared to 0 minutes, respectively as seen in Figure 3.
Displacement (mm.). This measure refers to the mean displacement or size for all
articulatory gestures in the sentence. There were no significant displacement changes over time.
A review of the data revealed slightly larger displacement measures for men than women during
the sentence, but the measures did not differ significantly.
Peak speed during stroke (mm/s). The sentence mean stroke speeds for TB and TM
were also found to differ significantly between men and women in the repeated measures
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ANOVA test of between-subject effects for gender (Table 2); men had a higher mean speed than
women. There was no significant main effect of time in the ANOVA tests.
34
32

stroke count

30
28
26
24
22
20
18

0 min

2 min
Female

4 min

6 min

Male

Figure 3. Mean (and standard deviation) of the total number of articulatory strokes during the
sentence over time.
Duration (ms). The repeated-measures ANOVA showed a significant main effect of time
for the sentence duration. Figure 4 shows the pattern of change; the contrast tests revealed
significant decreases in duration at 2 minutes, 4 minutes, and 6 minutes.
Syllable Acoustic Measures
The ANOVA tests revealed that F1 showed significant change over time. Within-subject
contrast tests revealed that F1 was significantly lower at 4 minutes than at 0 minutes. Betweensubject tests also showed significant effects for speaker gender, with higher F1 values for
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women. According to these tests, F2 did not differ significantly for time or gender.
3.2

sentence duration (sec)

3.0
2.8
2.6
2.4
2.2
2.0
1.8

0 min

2 min
Female

4 min

6 min

Male

Figure 4. Mean (and standard deviation) of the sentence duration during the speech stimuli over
time.
Discussion
The purpose of the current study was to examine kinematic and acoustic adaptation in
response to EMA lingual sensor placement. Kinematic measures showed significant changes
over time and differences between genders. Formant frequencies also revealed significant change
over time.
Summary of Findings
Syllable measures. Displacement is a measure of the change in position of a sensor from
the beginning of an articulatory gesture to its end. A smaller displacement represents a smaller
movement of the articulator. A study by Gracco and Abbs (1985) measured response of the
articulators to perturbation in the form of weighted loads introduced during speech production.
They discovered an increased sensor displacement subsequent to this perturbation. Mefferd
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(2017) reported that decoupled tongue displacement was greater for all atypical speech
conditions when compared to normal speech. She noted the greatest displacement during slow
speech conditions. In the current study the TM sensor showed significantly lower displacement
values over time, meaning the movements were reduced in size as the speaker adapted to the
sensors. Smaller movements could be speculated in this context to reflect less effort, suggesting
the movements became more casual over time. Hull area also provides information about the
area in the sagittal plane traversed by the sensor and is by definition influenced by displacement.
However, hull area uses both the x and y dimensions to calculate the path traveled by the
articulator, not just the distance or displacement from start to finish. The hull area for both the
TM and TF sensors significantly decreased, meaning there were smaller articulatory motions
over time. A smaller range of motion for the syllable /æk/ suggests potentially a more natural and
fluid production of this syllable over time. However, this syllable was not produced in isolation,
implying that the coarticulation was possibly more fluid as well. It could be reasoned that these
changes occurred over time as a result of familiarity with the speech stimuli as well as adaptation
to the presence of the lingual sensors.
Gracco and Abbs (1985) explained that the speed and timing of articulatory movements
were closely related to the magnitude of their displacement. They found that there were
significant increases in lip closure movement time across all subjects when a load was introduced
to the lower lip. This increase in closure time was associated with decreased movement speed.
They concluded that perturbations to the articulators impacted their movement timing. The
present study similarly found that the mean tongue speed during the production of the syllable
/æk/ significantly increased over time, meaning it took less time to produce the syllable after an
adaptation period than when the sensors were initially placed. Faster tongue movements also
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suggest a more fluid and natural movement as the speaker adapted to the sensors. The tongue
back, in particular, plays an important role for production of the velar /k/ consonant. Increased
speed of the TB sensor over time could indicate a more natural and less effortful production of
that consonant.
Sentence measures. Stroke measures can be defined as the articulatory movement
occurring between two adjacent speed minima. The more strokes in a sentence, the more
movements are present. The stroke count decreased significantly over time, which could reflect
an increased steadiness of speech. Dromey and Black (2017) studied sentence strokes under
atypical conditions, such as whispered and mouthed speech. They observed a higher number of
articulatory strokes under atypical speech conditions, noting that additional strokes were present
when speech was less natural. The current study found fewer strokes for the same utterance over
time, similarly suggesting that steadiness increased as speakers become more familiar with the
sentence stimuli and the presence of the lingual sensors. As the number of strokes decreased over
time, the implication is that lingual movements became simpler, with less hesitation and fewer
wasted movements.
The data from this study showed that men had higher articulator speeds during the
sentence stimuli than women, suggesting that they were moving through the articulatory
movements more quickly. Gender differences for speed were not accompanied by significant
differences in sensor displacement. Men generally have larger anatomical structures and
therefore larger displacement measures; however, these differences were not statistically
significant in the current study. Higher mean stroke speed averaged over the length of a sentence
does not represent the total time to say the sentence, but rather indicates faster tongue
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movements during each articulatory stroke or gesture. It is unclear why men had significantly
faster mean articulatory speeds than women.
Over time there were significant decreases in sentence duration with no significant
difference between genders; this suggests that speech may have become more fluid or less
effortful as participants became more familiar with the sensors and sentence stimuli. This
adaptation implies that motor learning occurred with repetition. As the individuals became more
accustomed to the perturbation caused by the sensors, their speech became faster. In a study by
Dromey et al. (2018), perceptual speech measures, including clarity, improved over time
following perturbation in the form of EMA sensors. In addition to perceptual adaptation, the
present study revealed kinematic changes over time as well. As this study demonstrated, there
was a significant decrease in duration, indicating a motor learning pattern which decreased effort
and hesitation during the production of the sentence stimuli.
Acoustic measures. When examining the impact of a RPE on the first formant
frequency of the high-front /i/vowel, Stevens et al. (2011) reported an increase in F1 after
placement of the RPE. The F1 values then decreased over time and returned to baseline levels
around 2-3 months post RPE placement; this aligned with a decrease in F2 which they associated
with vowel centralization in response to the RPE perturbation. The current study found that F1
was significantly lower at 4 minutes than baseline for both genders but did not find any
significant changes in F2 over time. The reduced F1 value at 4 minutes is consistent with a
decreased hull area at the 4-minute mark as well. Lower F1 frequencies represent a higher tongue
position for the /æ/ vowel. A smaller hull area is indicative of smaller movements, starting with a
more elevated tongue position for the syllable /æk/ at the 4-minute recording. Smaller
movements could potentially indicate more casual speech. Additionally, the ANOVA tests
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indicated a significant difference in F1 values between genders; because women generally have

smaller vocal tracts than men, and consequently higher resonant frequencies, it is expected that
women will also have a higher F1 than men.
Research Implications
The use of EMA sensors is not practical clinically; rather, they are used extensively in
kinematic research. Therefore, the implications of studying how the articulators could adapt after
EMA sensors perturb the speech system are mostly relevant in research labs. Prior research
established that there were significant decreases in perceptual speech quality immediately
following sensor placement on the articulators. The perceptual quality then gradually improved
over time suggesting partial adaptation to sensors with spectral measures following a comparable
pattern. The current study was unique in the methodological aspect of analyzing kinematic and
acoustic responses to perturbation. It was hypothesized that kinematic data would reveal similar
adaptation to perturbation in response to EMA sensors found in previous perceptual and acoustic
studies. As it is impossible to measure speech movements without the presence of the kinematic
sensors, we cannot comment on articulatory gestures prior to EMA sensor placement. However,
this study describes movement patterns of the articulators and acoustic trends during the early
adaptation period.
When using EMA sensors, researchers could anticipate a similar increase in the syllable
speed and decrease in sentence duration that may accompany more natural speech production as
time progresses. Decreased hull area and syllable displacement measures were also important to
note for research purposes, as they suggest smaller articulatory movement over time. This study
demonstrated that stroke measures were good indicators of overall kinematic adaptation and
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could be used for more research regarding general speech patterns, not specific to certain
phonemes. The tongue markers proved sufficient to show several significant changes in response
to the EMA sensors.
Clinically, it is also important to understand the way speech movements change in
response to perturbation so that we can facilitate and teach more complete adaptation following
real life perturbations. Therefore, studying typical speakers’ ability to adapt to perturbation can
help us infer the ability of others to utilize similar kinematic adaptation patterns and implement
therapy accordingly. The participants in this study were typical individuals who had not been
involved with EMA research prior to the study. However, their lingual movements demonstrated
the ability to increase speed and decrease duration, while also decreasing in articulatory space
and range of motion. The current research found significant decreases to tongue displacement
measures as the speakers adapted over time.
Limitations and Directions for Future Research
The current study used kinematic and acoustic measures to study adaptation over time to
complement what has been shown in other studies using perceptual measures (e.g., Dromey et
al., 2018). However, because the current study did not also incorporate perceptual measures, it
can only be inferred that the adaptations would increase speech acceptability. Future research
utilizing all three measures – kinematic, acoustic, and perceptual – would better inform the
relationship between these measures during compensatory adaptation. Additionally, it would be
beneficial to study other stimuli such as bilabials to examine the effects on other consonants and
vowels. Our results show several significant kinematic changes in the tongue markers over time;
however, these changes were not consistently present across all markers at each time. Only the
total stroke count and sentence duration were significant for each lingual sensor at each time
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interval. It is unclear why some sensors showed significant changes from baseline at 2 or 4
minutes, but not 6 minutes as well.
In order to obtain consistent measures, we asked participants to repeat the same sentence
stimuli at each time interval. Thus, there is the possibility that task familiarity impacted the
performance over time and consequently the results. It is clear that motor learning occurred over
time, but it is unclear how much of the kinematic and acoustic change was the result of
adaptation to sensors or from task familiarity. Because we did not have a control group without
the sensors, we were not able to measure changes associated with task familiarity. It would also
be beneficial to analyze the adaptation over a longer period of time as Dromey et al. (2018)
found that perceptual adaptation continued until 10 minutes post attachment.
The current study involved typical English speakers, so the results can only be interpreted
for that demographic. Future studies are needed to examine how the speech system would
respond to perturbation in diverse and/or disordered populations. This would prove especially
helpful for a more clinical application of the current research. In one instance, there were
significant effects for gender as men had a greater articulatory stroke speed for the TB and TM
markers than women. This warrants additional research to better understand the extent and
implication of gender effects on stroke speeds and other potential measures.
Conclusions
Kinematic researchers inadvertently introduce perturbation to the speech system through
the attachment of EMA sensors to the articulators. Kinematic adaptation to EMA sensors has not
previously been studied in detail. This study revealed several significant lingual kinematic and
acoustic changes over time, following the initial placement of EMA sensors. There were also
between-subject effects for gender. A significant increase in speed and decrease in duration
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suggests faster, possibly less monitored movements while decreased displacement and hull area
appear to reflect smaller, more casual movements. Fewer articulatory strokes over time suggest
improved steadiness over the adaptation period. These kinematic and acoustic changes
corroborate previous studies which have reported that the speech system adapts to EMA sensors.
It can be concluded that the movements of the tongue changed over time; however, it is unclear
how much of this change was the result of kinematic adaptation per se and how much could be
attributed to increasing task familiarity. Kinematic researchers could benefit from understanding
the movement changes that take place in response to sensor-based perturbation prior to use of
EMA sensors in experimental recordings.
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APPENDIX A
Annotated Bibliography
Berry, J. J. (2011). Accuracy of the NDI Wave speech research system. Journal of Speech,
Language, and Hearing Research : JSLHR, 54(5), 1295-1301. doi:10.1044/10924388(2011/10-0226)
Objective: This study assessed the NDI Wave electromagnetic articulography (EMA) system for
accuracy in tracking static, dynamic, and human jaw movements. The Carstens AG500 is the
only commercially available system comparable to the NDI Wave system but is less portable.
Method: For the static tracking experiment, a table was constructed that could be raised or
lowered to set heights. Sensors were attached to the table and tracked at each height. The second
experiment measured dynamic tracking through a chain (crank-rocking system) constructed of
Legos and tongue depressors simulating pitch variation of the jaw. For the final experiment, 10
individuals had pairs of sensors attached to the tongue, lips, jaw, and one between their eyebrows
(seven total sensors). They were then asked to read a standard passage.
Results: The positional error was tested at both 300-mm3 and 500-mm3 field volume sizes. There
was no difference noted with and without automated head-movement correction. Vertical
positioning within the field had no significant impact on tracking error. For static and dynamic
data, there were similar results for the middle of the error distributions between the two field
volume sizes with some larger errors at the upper ranges for 500-mm3. In experiment three,
anatomical variations caused positioning differences that impacted some distance measurements.
However, maximum errors were consistently at 1 mm or less for all subjects.
Conclusions: The 500-mm3 field volume setting offered little additional information to the 300mm3 field volume setting. Tracking error was improved when using the 300-mm3 setting.
Although the AG500 is more stable throughout field volume due to a lengthy calibration process,
the NDI Wave is more efficient without a calibration process. The tracking accuracy for human
jaw movements, as well as static tracking, was superior to the dynamic tracking model.
However, the 300-mm3 setting and keeping sensors within 200 mm of the field generator surface
improved tracking accuracy. The NDI Wave is acceptably accurate for kinematic measurement
and is a more efficient EMA system than other commercially available systems.
Relevance to Current Work: The current study will use the NDI Wave system, so a review of its
accuracy and acceptability was important to research prior to its use.
Dromey, C., & Black, K. (2017). Effects of laryngeal activity on articulation. IEEE/ACM
Transactions on Audio, Speech and Language Processing (TASLP), 25(12), 2272-2280.
doi:10.1109/TASLP.2017.2738564
Objective: The purpose of this study was to compare articulatory movement during atypical
speech conditions (mouthed and whispered) to normal voiced conditions.
Method: Twenty typical adults (ten male and ten female) who were native speakers of English
participated in the study. Electromagnetic articulography sensors were placed on their
articulators. Six total sensors were used: three on the tongue midline (front, middle, and back),
one on the lower incisors, and one on each lip. Simultaneous acoustic recordings were also taken.
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Participants spoke continuously after sensor placement for 20 minutes prior to the study. Then
each participant read 6 stimulus sentences four times each under each condition. They were
instructed to use a normal voice, whispered speech, soft voice, loud voice and mouthed speech in
randomized order; however only the normal, whispered, and mouthed speech were examined in
this study. The researchers analyzed the data using acoustic and global sentence stroke measures.
Results: The sentence duration increased significantly during the whispered condition and even
more for the mouthed condition. Stroke count increased significantly during mouthed condition.
Peak speed significantly decreased for whispered condition and further decreased during the
mouthed condition. The stroke distance slightly increased during whispered speech but
significantly decreased during mouthed conditions. Hull area also decreased in both the
whispered and mouthed conditions.
Conclusions: During atypical speech conditions, the sentence duration and stroke count increased
while peak speed decreased, suggesting slower and less consistent, steady movements. Stroke
distance and hull area decreased in mouthed conditions implying smaller movements while
whispered conditions decreased in hull area but increased in stroke distance. The authors
concluded that the lack of feedback in the mouthed condition caused it to be less steady and
more hesitant. Furthermore, sensory and auditory feedback play an important role in normal
speech production.
Relevance to Current Work: This study used EMA sensors and global kinematic measures called
strokes to describe kinematic changes across several speech conditions. Understanding the
kinematic trends in typical and atypical speech will be beneficial as these stroke measures will be
used in the current research of adaptation to EMA sensors.
Dromey, C., Hunter, E., & Nissen, S. L. (2018). Speech adaptation to kinematic recording
sensors: Perceptual and acoustic findings. Journal of Speech, Language and Hearing
Research, 61, 593-603. doi:10.1044/2017_JSLHR-S-17-0169
Objective: This study examined how individuals would adapt over time to the presence of
electromagnetic articulography sensors as they are typically used.
Method: Twenty adults (ten male and ten female) without any communication disorders acted as
the speakers and another twenty adults (ten male and ten female) acted as the perceptual raters.
The twenty speakers had six sensors attached to their articulators in the following places: tip of
the tongue, midpoint of the tongue, the lower incisors, the lower lip, the upper lip, and a
reference sensor attached to eyeglass frames worn by the speaker. They were instructed to speak
six sentences, five times through before the sensors were attached then immediately after
attachment, and in 5-minute increments until 20 minutes. Between recordings the individuals
read aloud from a book or newspaper continually. These recordings were analyzed acoustically
and perceptually. The perceptual raters listened to a total of 150 samples (with some repeated to
measure reliability) and rated them using a visual analog scale from 0 (imprecise) to 100
(precise). Any rater with a low intra-rater reliability score (lower than .74) was excluded from
the study.
Results: The perceptual ratings showed a decrease in precision immediately following the
attachment of the sensors. The average precision increased at each 5-minute interval then
plateaued at the 10-minute interval onward; precision did not return to the perceived precision
levels at pre-sensor attachment. Acoustically, the duration of the stimulus sentence immediately
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postattachment was longest and but reduced below the preattachment duration in subsequent
recordings. The spectral center of gravity measures were significant for /s/ and /ʃ/ from
preattachment to postattachment. However, there was not any significant difference between the
postattachment and subsequent recordings, showing no adaptation effect over time.
Conclusions: The postattachment perceived precision of speakers was not as high as
preattachment but improved and plateaued after 10 minutes postattachment. The spectral
measures did not indicate any acoustic adaptation over time, but this could be related to the
choice of phoneme. The perceptual and acoustic adaptation did not match.
Relevance to Current Work: This study used perceptual and acoustic measures to research
adaptation to the sensors but did not measure the kinematic adaptation. The current study will
study kinematic changes to the sensors over time.
Gracco, V. L., & Abbs, J. H. (1985). Dynamic control of the perioral system during speech:
Kinematic analyses of autogenic and nonautogenic sensorimotor processes. Journal of
Neurophysiology, 54, 418-432. doi:10.1152/jn.1985.54.2.418
Objective: This study observed the upper and lower lips kinematic response to dynamic
perturbations of the lower lip.
Method: Five typical females ages of 25-35 were recruited to participate in this study. A torque
motor applied variously weighted and timed loads to the lower lips while the displacement of the
lips was tracked, the force output from the torque motor was tracked, and EMG from four
perioral muscles was tracked. Participants vocalized the vowel sound “ah” until they heard a tone
at which point, they made a “b” sound. Loads were randomly applied before the onset of the /b/.
Results: When a load was applied to the lower lips, the mean displacement, lip closure velocity,
and movement time of the upper and lower lips showed significant increases across all subjects.
The compensation to perturbation reflected the magnitude of the load. When the load was
introduced early, the lower lip showed greater compensation than the upper lip, whereas the
upper lip compensated more in response to later loads.
Conclusions: Compensation to the dynamic perturbation was incomplete but systematic and
preserved the integrity of the /b/ sound task. The displacement and velocity measures showed
significant increases for all subjects when a load was introduced. While there were patterns in the
changes following a dynamic perturbation, upper and lower lip movement time was adjusted
independently of each other. These results suggest that the early loads reflect initial motor
control processes while later loads reflect adjustment to the actual motor execution processes.
Relevance to Current Work: This study used dynamic perturbation to view kinematic adaptation
of the lips. The current study will also use kinematic measures to view the adjustment to both the
lips and jaw in response to static perturbation.
Heinen, E., Birkholz, P., Willmes, K., & Neuschaefer-Rube, C. (2017). Do long-term tongue
piercings affect speech quality? Logopedics Phoniatrics Vocology, 42, 126-132.
doi:10.1080/14015439.2016.1240830
Objective: This study examined the effects of long-term tongue piercing on speech quality using
perceptual speech measures.
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Method: Twenty individuals (10 male, 10 female) with a bar-bell tongue piercing of at least 2.5
years and twenty individuals (10 male, 10 female) without piercings who were native speakers of
German recorded various speech stimuli (single word, sentences, and spontaneous speech). The
participants with piercings also recorded the stimuli with their piercings temporarily removed
creating three groups for comparison. Fifty-one individuals were recruited as perceptual raters
(20 male, 31 females) from which five were female SLPs and the rest were inexperienced
listeners. They rated five categories (clarity, rate, prosody, rhythm, and fluency) with a five-point
scale.
Results: There was no significant difference between the non-pierced speakers, pierced speakers,
and speakers with removed piercing across all five speech quality dimensions. There was a slight
decrease in clarity for alveolar consonants in pierced individuals, but it was not significant.
Additionally, there was no significant difference among the pierced individuals related to
location or size of piercing. Overall, the speech quality of women was higher than that of men.
Conclusions: Long term piercings do not affect perceptual speech quality as rated by
inexperienced and professional raters. The quality of speech for individuals with a piercing did
not change when the piercing was removed. There was no clear difference between phonemes,
single words, reading phrases, or spontaneous speech. There was sufficient adaptation to the
tongue-piercing to compensate for the perturbation.
Relevance to Current Work: This study examined perceptual speech quality following
perturbation of the tongue in the form of long-term tongue piercings. The current study will
examine perturbation of the tongue and oral cavity in the form of temporary articulography
sensors.
Mefferd, A. S. (2017). Tongue- and jaw-specific contributions to acoustic vowel contrast
changes in the diphthong /ai/ in response to slow, loud, and clear speech. Journal of
Speech, Language and Hearing Research, 60, 3144-3158. doi:10.1044/2017_JSLHR-S17-0114
Objective: The purpose of this study was to improve understanding of how three speech
modifications (clear, slow, and loud) impact decoupled tongue and jaw displacements and how
these articulator-specific changes subsequently contribute to acoustic vowel contrast changes.
Method: 20 typical speakers (9 male, 11 female) from ages 18-28 were asked to repeat the phrase
“see a kite again” five times as they normally would, then repeat it five times in each condition
in the following order: as quickly as possible, at half their typical rate, twice as loud, and as
clearly as possible. They had sensors attached to various articulators during the recordings: two
at the sagittal midline of the tongue (one at the tongue tip and one on the blade), three to the
gumline of the lower teeth, one to the sagittal midline of each lip, and three to plastic goggles
worn by the speaker. The kinematic data were calculated with a decoupling algorithm to
determine the contributions of the jaw and tongue respectively. Acoustic analysis was also
performed for the F1 and F2 values of /a/ and /i/ phonemes. There was also a verification to
determine that the participant had increased their intensity and slowed their rate appropriately as
well as intrarater reliability.
Results: Compared to typical speech, there were significantly longer diphthong durations in
slow, clear, and loud speech. There was also a significant effect on vocal intensity for loud and
clear compared to typical and slow speech. Loud speech yielded a significantly larger vowel
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contrast in slow and clear speech than typical and loud speech. Jaw displacement was greatest for
clear speech, while decoupled tongue displacement was greatest for slow speech, then clear, and
finally loud speech in that order. Acoustic vowel contrast showed changes as accounted for by
jaw vs tongue displacement. Changes in jaw displacement from typical to clear speech accounted
for 33.1% of the variance in acoustic vowel contrast in women and 33.4% in men while changes
in decoupled tongue displacement accounted for 25.9% of change in acoustic vowel contrast in
women and 33.2% in men. Jaw displacement from typical speech to loud speech accounted for
4.2% of the variance in acoustic vowel contrast in women and 9.4% in men while tongue
displacement accounted for 19.8% of change in acoustic vowel contrast in female talkers and
49.0% in male talkers. Jaw displacement changes from typical to slow speech accounted for
20.0% of the variance in acoustic vowel contrast in women and 29.5% in men while tongue
displacement changes accounted for 53.8% of change in acoustic vowel contrast from typical to
slow speech in women and 58.0% in men.
Conclusions: This study confirmed other research that the displacement of the tongue increased
in response to slow speech, while jaw displacements remained relatively stable. During clear
speech, jaw displacements increased significantly more than those of the tongue, but the tongue
displacements increased significantly more during slow speech. They found comparable
increases in jaw displacement and tongue displacement during loud speech. When they
accounted for gender, they found that the difference between slow and clear speech was more
prominent in females than males. The male speakers compensated for their lowered jaw during
/i/ by increasing decoupled tongue displacement, though females did not. This research suggests
that using speech modifications and interventions for impaired speakers that target tongue
displacement will increase the acoustic vowel contrast, more than jaw displacement changes.
Relevance to Current Work: This study provided insight into the amount of overall variance in
vowel contrast that could be attributed to decoupled tongue or jaw movements. The current study
will further examine the percentage of contribution made by the tongue or jaw during adaptation
to perturbation.
Stevens, K., Bressmann, T., Gong, S., & Tompson, B. D. (2011). Impact of a rapid palatal
expander on speech articulation. American Journal of Orthodontics and Dentofacial
Orthopedics, 140, e75. doi:10.1016/j.ajodo.2011.02.017
Objective: This study examined the effect of a rapid palatal expander (RPE) on speech
perturbation and adaptation over time to understand the impact of both bonded and banded
palatal devices on speech.
Method: Twenty-two individuals (13 female, 9 male) from ages 9-19 years (mean of 14 years)
were recruited from orthodontic patients needing rapid palatal expanders (RPEs). Eleven of the
participants received a banded (attached with dental bands) expander and eleven received a
bonded (attached with acrylic attachments). The individuals’ speech was recorded with 35
sentence stimuli on six occasions throughout the process: before RPE placement, 15 minutes
after placement, during expansion (2-4 weeks after first recording), during retention (2-3 months
after first recording), after removal (5-6 months after first recording), and 4 weeks after removal
(6-8 months after first recording). The speech samples were rated by 10 naïve listeners (5 male, 5
female) for speech acceptability using a 4-point scale. An acoustic analysis of the phonemes /i/,
/s/, and /ʃ/ was performed: F1 and F2 for the vowel, and the spectral features for /s/ and /ʃ/. The
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average speech acceptability prior to the RPE placement was analyzed to categorize patients as
having normal speech or preexisting speech difficulties (PESD).
Results: The speech acceptability worsened after placement, but gradually got better and
returned to baseline after removal. The follow-up measurements showed even better speech
acceptability than the baseline measurements. There were no significant differences between
bonded and banded RPEs. There was no significant difference in patients categorized as having
preexisting speech difficulties (PESD) or normal speech in acceptability measures. There was an
increase in F2 and decrease in F1 of the vowel which followed the overall pattern for speech
acceptability, returning to baseline at the follow-up. There were changes to the spectral measure
for both /s/ and /ʃ/ with more significant difficulties in the PESD group.
Conclusions: The RPE negatively impacted the speech acceptability of the patients’ speech but
did not differ between bonded or banded RPEs. The acoustic measures of speech also showed
perturbation of the formants for /i/ and spectral measures of /s/ and /ʃ/. The formant changes
suggest a more neutral vowel space after the RPE. Those with PESD are more likely to
experience difficulty with fricatives when the RPE is attached. However, there was an adaptation
to the RPE over time.
Relevance to Current Work: This study examined adaptation to a rapid palatal expander (RPE)
over time as it perturbed the speech system using perceptual and acoustic measures. The current
study will examine the adaptation to sensors using kinematic and acoustic measures.
Tasko, S. M., & Westbury, J. R. (2002). Defining and measuring speech movement
events. Journal of Speech, Language, and Hearing Research, 45(1), 127-142.
doi:10.1044/1092-4388(2002/010)
Objective: This study analyzed the benefits of using stroke measures as a way to parse kinematic
data from continuous speech samples rather than as discrete units and compared those measures
with acoustic waveform measures.
Method: From a database of recordings of typical individuals without any communicative or
neurologic disorders, 18 speakers were selected. They read a passage four times while acoustic
and kinematic data were collected. Kinematic data were measured with an X-ray Microbeam
system using 5 pellets: one on the tongue blade (T1) at midline, one on the tongue back (T4) at
midline, two on the gum-line between mandibular incisors (MI) and molars (MM), and one on
the lower lip (LL) at midline. They parsed the samples into strokes beginning at the first word
and ending after the last, then analyzed using four measures: stroke distance, stroke duration,
peak stroke speed, and boundary speed.
Results: The T1 strokes most closely approximated the number of sounds in the sentence, where
MI approximated the number of syllables. The number of strokes per articulator varied during
the sample. The average stroke duration was 138 ms with an SD of 60 ms, showing the longest
duration with MI and shortest with T1. The average stroke distance was 4.7 mm with an SD of
4.3 mm; T1 having the greatest range and highest distance. The average peak stroke speed was
51 mm/s with an SD of 45 mm/s recording T1 as the largest speed and MI the smallest. The
average stroke boundary speed was 12 mm/s with an SD of 15 mm/s; T1 and T4 had larger
boundary speeds while LL and MI had smaller. These measures show T1 traveling the longest
distance at the highest speed over the shortest duration and MI moving the shortest distance at
the lowest speed over the longest duration.
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Conclusions: Using stroke measurements to parse kinematic units is more accurate than using
acoustic data to map these units. It provides unique data such as the presence of small strokes;
the smallest and shortest strokes from this study round down to zero mm in length and about 15
ms in duration.
Relevance to Current Work: This research described many benefits of using stroke measures to
portray kinematic data. The current study will use stroke measures to understand the overall
kinematic and articulatory change during the stimulus sentence.
Wang, J., Green, J. R., & Samal, A. (May 2013). Individual articulator's contribution to phoneme
production. Paper presented at the IEEE International Conference on Acoustics, Speech
and Signal Processing, 7785-7789. doi:10.1109/ICASSP.2013.6639179
Objective: The purpose of this study was to examine which articulators contribute most to vowel
production and consonant production to determine the minimum set of articulators required to
match accuracy of using all articulators.
Method: Eleven native English speakers recorded various vowels in CVC contexts and
consonants in VCV contexts with one of the eleven only recording the CVC contexts. Twelve
electromagnetic articulography sensors were attached to the individual: three to a pair of glasses
worn by the individual (center, left, and right), two to the lips at midline (upper and lower), four
to the midline of the tongue (tip, blade, body front, and body back), and three to the jaw (left,
right, and center).
Results: The accuracy of vowel classification from the tongue sensors were greater than from the
lips; however, the lower-lip classification was more accurate than the upper-lip. Each of the
tongue sensors was more accurate than the lips except for tongue body front for consonant
classification. The tongue tip was more accurate than the tongue blade during consonant
classification as well.
Conclusions: The higher accuracy of vowel classification from tongue articulators than the lips
suggest that the tongue sensors contribute more to vowel classification than lips. As the tongue
tip contributed more than the tongue blade sensor, the data suggests that production of
consonants involves more features that require the tongue tip than vowels do. It also suggests
that the tongue tip is the most ideal placement if only one tongue articulator can be used. The
data suggested that using four sensors (tongue tip, tongue body back, upper lip, and lower lip)
are sufficient to match the accuracy of using all six sensors.
Relevance to Current Work: This study analyzed which articulators contribute to phoneme
production and classification using electromagnetic articulography (EMA) sensors to track
movements. The current study will use EMA technology to measure kinematic data of specific
phonemes and the relative contribution of the jaw compared to the tongue during adaptation to
perturbation.
Westbury, J. R., Lindstrom, M. J., & McClean, M. D. (2002). Tongues and lips without jaws: A
comparison of methods for decoupling speech movements. Journal of Speech, Language
and Hearing Research, 45(4), 651-662. doi:10.1044/1092-4388(2002/052)
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Objective: This study examined the accuracy of various methods for decoupling the tongue and
lower lip movements from jaw movements, with a particular focus on measuring articulator
positions in respect to a common reference frame.
Method: Forty-four individuals (26 women, 18 men) read a sample sentence with several
phonemes including glides, fricatives, stops, flaps, and corner vowels. They had five markers
placed: two on the jaw (central incisors and molar tooth), one on the lower lip, two on the
midline of the tongue (blade and dorsum). These movements were then analyzed using different
decoupling methods compared to the “gold-standard” translational-rotation (TR) model. The
methods included: the only-translation (OT) model, the only-rotation (OR) model, and estimated
rotation based on TR (ER) method.
Results: Compared to the TR decoupling method, the largest positional errors were recorded with
the OT method and the smallest errors with the ER method. The discrepancy was most
noticeable at the central incisor marker. Speed errors were significantly lower with the ER
method than the OT or OR methods.
Conclusions: Because jaw movements are not simply rotational or translational, the most
accurate measures take into account these measures and the greatest errors are found when
rotation is ignored in the decoupling calculations. However, some one-dimensional decoupling
models such as the linear statistical model (LM) will be more comparable to the TR method than
the two-dimensional OT method. The OR and ER methods are more accurate models than the
OT (simple subtraction) method.
Relevance to Current Work: This study researched the accuracy of several decoupling methods
for tongue and jaw movements. The current study will analyze the percentage of tongue and jaw
compensation based on accurately decoupled movements.
Westbury, J. R., Severson, E. J., & Lindstrom, M. J. (2000). Kinematic event patterns in speech:
Special problems. Language & Speech, 43(4), 403-428.
doi:/10.1177/00238309000430040401
Objective: This study investigated a new method of event-pattern analysis of kinematic speech
patterns to determine how to accurately identify and describe these movements across speakers
and tasks.
Method: Fifty-seven native English-speaking young adult speakers recorded a variety of speech
stimuli with kinematic speech sensors on their articulators. The articulator pellets on five
articulators were examined: tongue blade, tongue dorsum, upper lip, lower lip, and central
mandibular incisors. The speech stimuli special and problem were selected to analyze the VC
contexts of /eʃ/ and /ɑb/ across repeated recordings from each individual. Event patterns were
created by indicating the speed of each pellet during the simultaneous movements. The speed
events were measured in proportion to the speaker’s rate to account for variability.
Results: The lower lip moves faster and earlier into the /b/ of problem than the /ʃ/ of special and
the jaw also moves faster into the /b/ of problem than the /ʃ/ of special. The tongue movements
were much later in problem than special. Speakers were more variable in the relative timing of
the upper and lower lip and jaw during /eʃ/ of special than /ɑb/ of problem; most demonstrated
the order of upper lip, jaw, and lower lip during special and upper lip, lower lip, jaw for problem.
Conclusions: Movement patterns demonstrate the degree and nature of individual variation
within speech. Speakers are more strongly consistent in the sequence of labiomandibular
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movements during /ɑb/ of problem (91% agreement) than /eʃ/ of special which may be related to
the variability in lip positioning for /ʃ/.
Relevance to Current Work: This study examined kinematic data from a large sample size
regarding sequencing of VC movement patterns. They found individuals are more alike during
certain sequences than others; however, the model adequately showed general movement
patterns. The current study will examine how individual speech kinematic patterns differ over
time during a VC context following perturbation.
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APPENDIX B
Informed Consent
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APPENDIX C
Stimulus Phrases

Stimuli- repeat 5 times every 2 minutes
I say ahree /əri/
I say ahrae /əræ/
I say ahroo /əru/
I say ahraw /ərɑ/
I’m an owl that hoots
The blue spot is on the black key again

